To study the friction behavior of ferroalloy and wet granulation sulfur under low normal load conditions, a series of experiments were performed using a homemade rotating test apparatus. Scanning electron microscopy with an energy dispersive spectrometer (SEM-EDS) and X-ray diffraction (XRD) were utilized to examine the friction products. The experimentally monitored friction coefficient data were used to develop a finite element model to simulate the temperature field and a theoretical model to calculate the flash temperature of the contact area of the friction surface. The experimental, simulation, and theoretical results showed that the flash temperature of the friction surface is much higher than the average temperature of the friction surface and allows the reaction of iron and sulfur to form iron-sulfide compounds.
Introduction
During the transportation of wet granulation sulfur, many steel transmission components such as the bucket wheel stacker-reclaimer, are exposed to sulfur powder. Friction between the sulfur powder and steel equipment may cause fire accidents if not detected immediately [1, 2] . It is necessary to investigate the friction behavior of ferroalloy and wet granulation sulfur under low normal load conditions to improve operation conditions to avoid this type of accident.
Few studies have systematically explored the friction behavior of ferroalloy and wet granulation sulfur under low normal load conditions. Cai [3] and Fu [4] et al. have investigated the static accumulation behavior during the friction process of sulfur and stainless steel. It is concluded that static electricity will be generated during the friction between sulfur and stainless steel. The presence of moisture will lead to a significant reduction in accumulated static electricity. Jiang [5] and Chin [6] et al. have investigated the mechanochemical reaction of sulfur and reduced iron powder in an anaerobic environment with the help of high-energy planetary ball mill. It is concluded that during the friction process of iron and sulfur the FeS and FeS 2 are produced and the final friction products are different with different proportions of iron powder and sulfur dust in the starting materials.
The friction ignition mechanism of wet granulation was preliminary investigated in our previous work [7] . However, less attention has been paid to the friction process under low normal load conditions. Although the final friction products have been analyzed, the changes of products during the friction process have not been studied. The formation mechanism of iron and sulfur compounds in the friction process was put forward, but it remains unclear whether the temperature distribution of the friction surface during the friction process is sufficient to allow formation of iron-sulfide compounds. To simulate the friction situation in the field, friction pairs were matched with a ring-on-disk type, so that some friction products will release the friction surface during the friction process, which affects analysis of the friction products. In addition, the hole used for temperature detection was not completely sealed, but allowed outside cold air to enter, resulting in underestimating the actual temperature.
For the study of friction temperature, scholars are concerned about the flash temperature and the average temperature of the frictional surface. In 1937, when F. P. Bowden studied the surface temperature of solid friction, it was suggested that the friction temperature of the contact point in the case of sliding friction could be very high, which could actually lead to the melting of the metal [8] .
In 1950, Bowden mentioned that when high-speed friction is carried out on metals with unsmooth surface with higher melting point, local instantaneous high temperature will occur on the friction surface, sometimes the temperature can reach 1000 • C [9] . In 1959, Archard first proposed the concept of flash temperature and also gave the formula for calculating the frictional flash temperature [10] . In 1963, Blok investigated the history of the development of the flash temperature concept [11] . Abdel-Aal systematically elaborated the flash temperature theory [12] . A transient flash temperature model was developed based on a fast Fourier transform method. An analytical expression for the heat partition function was obtained by Gao. [13] . Shi and Yao established a pin-on-disk temperature field model via the finite element method, and the steady-state temperature distributions for the pin and the disk [14] . Chang and Peng have investigated the evolutions of the coefficient of friction (COF), temperature rise, and wear characteristics under different contact loads by a series of experiments [15] . Wang investigated the high-temperature tribological behavior of the Ti-22Al-25Nb (at. %) orthorhombic alloy with lamellar O microstructures [16] . Some scholars have studied the contact problems involved in the friction process of rough surface and put forward different contact models [17] [18] [19] [20] . The main weakness of the above-mentioned test specimens is their inability to accurately measure the temperature of the friction surface. The specimen geometries of the existing test specimens cannot keep the friction products stay in the friction surfaces. Although the existing literature has carried out a lot of research on the friction flash temperature and the average temperature of the friction surface, there is no literature to study the change of the flash temperature and the average temperature of the friction surface during the ferroalloy-sulfur friction process. It is difficult to accurately measure the friction temperature field and flash temperature through experiments. Therefore, a new test specimen with improved structure, a finite element model to simulate the temperature field, and a theoretical model to calculate the flash temperature of the friction surface during the friction process by using the experimentally monitored friction coefficient data were needed to be developed to study the friction behavior of ferroalloy and sulfur.
In this study, a series of experiments with different friction duration were performed under low normal loads. New test specimens with improved structure were used in the experiments. The friction products were characterized using SEM-EDS and XRD analyses. The experimentally monitored friction coefficient data were used to develop a finite element model to simulate the temperature field during the friction process. Additionally, a theoretical model based on flash temperature theory [8] [9] [10] [11] [12] [13] and the "GW (Greenwood-Williamson)" contact model [17] [18] [19] [20] was developed to calculate the flash temperature of the friction surface. The research results prove that under low load conditions, long-term ferroalloy-sulfur friction can still lead to the formation of ferrous sulfide, and there is a risk of fire accidents caused by spontaneous combustion of ferrous sulfide, which can be used to guide the development of on-site prevention and control measures. The results of experimental and theoretical analyses of the friction behavior of ferroalloy and wet granulation sulfur under low normal load conditions provide the theoretical basis to avoid fire accidents of sulfur caused by friction. 
Methods

Experiment Methods
The scheme of the test apparatus, the test procedures, the pretreatment process of the friction specimens, and the characterization methods of the friction products can be referred in Ref. [7] . The distinction is that new test specimens with improved structure were used in this work. The structures of the new test specimens are illustrated in Figure 1 . 
The scheme of the test apparatus, the test procedures, the pretreatment process of the friction specimens, and the characterization methods of the friction products can be referred in Ref. [7] . The distinction is that new test specimens with improved structure were used in this work. The structures of the new test specimens are illustrated in Figure 1 . As shown in Figure 1 , the upper end of the lower specimen is a taper hole, and the lower end of the upper specimen is a taper there is matched with the upper specimen. The cone design of the friction surface ensures the circulatory movement of sulfur dust, liquefied sulfur, or friction products on the friction surface under the driving force of the upper specimen. The rotating particles will tend to move toward the outer edge under the centrifugal force. However, under the combined action of gravity and the acting force of the friction surface, the position of the particles will stabilize near a certain location. In this way, sulfur can distribute relatively evenly on the friction surface for full reaction with the friction specimens during the friction process. The integrated design of the lower specimen ensures that the friction medium and friction products remain in the friction specimen. The thermocouple is mounted directly on the upper specimens to ensure that the temperature measuring hole is sealed for more accurate temperature measurement. The distance between the friction surface and the thermocouple is about 1 mm, sufficiently close for measurement. The internal diameter of the friction face is 26 mm and the outside diameter of the friction face is 78 mm.
To study the friction behavior of ferroalloy and wet granulation sulfur under low normal load conditions, experiments with different friction duration were performed under a low normal load of 210 N. The rotational speed of lower specimen was set as 200 rpm based on the specimen geometry and the field conditions. The details of the test setup are shown in Table 1 . As shown in Figure 1 , the upper end of the lower specimen is a taper hole, and the lower end of the upper specimen is a taper there is matched with the upper specimen. The cone design of the friction surface ensures the circulatory movement of sulfur dust, liquefied sulfur, or friction products on the friction surface under the driving force of the upper specimen. The rotating particles will tend to move toward the outer edge under the centrifugal force. However, under the combined action of gravity and the acting force of the friction surface, the position of the particles will stabilize near a certain location. In this way, sulfur can distribute relatively evenly on the friction surface for full reaction with the friction specimens during the friction process. The integrated design of the lower specimen ensures that the friction medium and friction products remain in the friction specimen. The thermocouple is mounted directly on the upper specimens to ensure that the temperature measuring hole is sealed for more accurate temperature measurement. The distance between the friction surface and the thermocouple is about 1 mm, sufficiently close for measurement. The internal diameter of the friction face is 26 mm and the outside diameter of the friction face is 78 mm.
To study the friction behavior of ferroalloy and wet granulation sulfur under low normal load conditions, experiments with different friction duration were performed under a low normal load of 210 N. The rotational speed of lower specimen was set as 200 rpm based on the specimen geometry and the field conditions. The details of the test setup are shown in Table 1 . 
Frictional Heat Calculation
Frictional heat is the main heat source in this sulfur-iron friction system. As indicated in Figure 2 , the friction specimens were assumed to have a uniform contact, so that the normal pressure and friction coefficient of each region were the same. The rate of frictional heat generation is given by Equation (1) [18] .
where µ is the friction coefficient, F n , the asperity contact pressure, and v s , the sliding speed. 
Frictional heat is the main heat source in this sulfur-iron friction system. As indicated in Figure  2 , the friction specimens were assumed to have a uniform contact, so that the normal pressure and friction coefficient of each region were the same. The rate of frictional heat generation is given by Equation 1 [18] .
where μ is the friction coefficient, Fn, the asperity contact pressure, and vs, the sliding speed. Fn can be obtained by Equations 2 and 3.
( )
where F is the normal load of the friction surface, A, the area of the friction surface, R1, the inner radius of the contact surface, and R2, the outer radius of the contact surface. vs is given by Equation 4 .
where ω is the rotational speed of the lower specimen, and r, the rotation radius of the lower specimens. The friction of ferroalloy and wet granulation sulfur is an extremely complex process, and changes in the physicochemical properties of sulfur, or the morphology and composition of the F n can be obtained by Equations (2) and (3).
where F is the normal load of the friction surface, A, the area of the friction surface, R 1 , the inner radius of the contact surface, and R 2 , the outer radius of the contact surface. v s is given by Equation (4).
where ω is the rotational speed of the lower specimen, and r, the rotation radius of the lower specimens. The friction of ferroalloy and wet granulation sulfur is an extremely complex process, and changes in the physicochemical properties of sulfur, or the morphology and composition of the friction surface will cause a change in the friction coefficient [21] [22] [23] . Therefore, the friction coefficient cannot be considered a fixed value for the calculation of frictional heat, but should instead be calculated according to the monitored friction torque during the test process. The relationship between friction torque M and friction coefficient µ is given by Equation (5).
It can be obtained from Equation (5).
Substituting Equations (2)-(6) into Equation (1) yields
The frictional heat is mainly absorbed by the friction specimens and the friction medium sulfur, assuming the even distribution of sulfur dust on the friction surface. The heat absorption rate of sulfur is given by Equation (8) [24] .
where c sulfur is the specific heat of sulfur, m sulfur , the total mass of sulfur, T sulfur , the temperature of sulfur, and t, time. Then, the heat absorption rate of the friction specimens is given by Equation (9).
FEM for Numerical Simulation of Temperature Field of the Friction Specimens
Assuming that the sulfur dust is distributed evenly on the friction surface, the temperature of the friction medium is the same as that of the friction surface. The temperature field distribution of the friction specimens can be considered to follow the heat transfer process from a surface heat source to a three-dimensional geometry (upper and lower friction specimens). The governing equation for the heat propagation inside the specimens is [25] :
where T is the temperature, t, time, K 1 , the heat transfer coefficient of the specimen material, and c, the specific heat of the specimen material. Generally, it is difficult to obtain the analytical solution of the temperature distribution of the specimen. Instead, the temperature distribution must be determined by numerical simulation. A three-dimensional model is set up using COMSOL Multiphysics (Version 4.2). The geometry of the simulated specimen is the same as that of the experimental specimen with simplified structure. The parameter settings of the numerical simulation are shown in Table 2 . The established simulation model is shown in Figure 3 . 
Theoretical Model to Calculate Flash Temperature
In the friction process, the flash temperature resulting from the friction between asperities of the friction specimens has a great influence on the overall friction behavior of ferroalloy and wet granulation sulfur. The friction flash temperature can be obtained according to the flash temperature calculation model (Blok) [10] [11] [12] [13] 20] . The maximum temperature that increases on the sliding friction surface is the flash temperature, and is described by Equation (11).
where r1 is the ratio of friction heat transferred to the asperities, Ω, the surface contact coefficient, and l, the width of the contact area of the asperities. 
where r 1 is the ratio of friction heat transferred to the asperities, Ω, the surface contact coefficient, and l, the width of the contact area of the asperities. Generally, the profile height distribution of the actual surface conforms to a Gaussian distribution [19, 26] . Based on the tribology principle and a Gaussian contact model [17] [18] [19] [20] , the surface contact coefficient Ω can be expressed as Equation (12).
It means the contact coefficient of the asperity with feature height h * , the probability of this situation is
where R is the mean radius of asperities, d * , the feature distance of centreline, σ, the standard deviations, and h, the height of the asperities.
Results
Measured Temperature near the Friction Surface
The temperatures on the near friction surface and the friction torque were recorded during the test. The sampling frequency was 1 Hz. The temperature variation curves are shown in Figure 4 .
As indicated in Figure 4 , for the tests with the same working conditions but different friction duration, the temperature changes in the near friction surface showed little change during the same friction period. The comparative analysis of the friction products obtained during different friction durations can be used to understand the changes of friction products and the friction behavior mechanism of ferroalloy and wet granulation sulfur. 
Tested Specimens and the Analysis of Friction Products
The tested specimens and friction products are shown in Figure 5 . As indicated in Figure 4 , for the tests with the same working conditions but different friction duration, the temperature changes in the near friction surface showed little change during the same friction period. The comparative analysis of the friction products obtained during different friction durations can be used to understand the changes of friction products and the friction behavior mechanism of ferroalloy and wet granulation sulfur.
The tested specimens and friction products are shown in Figure 5 . As indicated in Figure 5 , with increased friction time, the amount of black friction products gradually increased and the thickness of the friction product layer on the specimen surface after friction increased gradually. For a friction duration of 0.5 h, a small amount of friction products were produced, with unreacted sulfur dust the primary material on the friction surface. Compared with the experiment with a friction duration of 0.5 h, for friction lasting 1.0 h, more black friction products were generated, but a large amount of unreacted sulfur dust was still present on the friction surface. For 1.5 h of friction, amount of black friction products further increased, with some unreacted sulfur dust remaining on the friction surface. For friction of 2.0 h, the friction surface was covered with black friction products, and only trace amounts of yellow sulfur dust remain. As indicated in Figure 5 , with increased friction time, the amount of black friction products gradually increased and the thickness of the friction product layer on the specimen surface after friction increased gradually. For a friction duration of 0.5 h, a small amount of friction products were produced, with unreacted sulfur dust the primary material on the friction surface. Compared with the experiment with a friction duration of 0.5 h, for friction lasting 1.0 h, more black friction products were generated, but a large amount of unreacted sulfur dust was still present on the friction surface. For 1.5 h of friction, amount of black friction products further increased, with some unreacted sulfur dust remaining on the friction surface. For friction of 2.0 h, the friction surface was covered with black friction products, and only trace amounts of yellow sulfur dust remain.
SEM-EDS Analysis of Friction Products
The microstructure and composition of friction products were analyzed by using SEM-EDS (FEI Quanta 200 SEM, FEI Company, Hillsboro, OR, United States) methods. The results are shown in Figure 6 .
As shown in Figure 6 , the iron contents of the samples subjected to friction duration of 0.5, 1.0, 1.5, and 2.0 h were measured as 45.15%, 40.65%, 42.74%, and 39.10% (atomic fraction) respectively. These were relatively high atomic fractions of iron, which was inconsistent with the conclusion in the 2nd paragraph of Section 3.2 (tested specimens and the analysis of friction products). This might be because the SEM-EDS analysis was performed on the black portion of the friction product. However, it was obvious that after 2.0 h, the friction products contained a lower amount of iron, likely due to sulfur melting after 2 h of friction and the addition of more unreacted molten sulfur to the black friction product. The molten sulfur might be more likely to mix with black friction products, as after 2 h of friction, the largest amount of sulfur melting was observed. The data presented in Figure 6 show that the friction products contained iron and sulfur, but did not reveal the composition of these products. Therefore, XRD analysis on the basis of SEM-EDS was required to determine the composition of friction products. friction products, and only trace amounts of yellow sulfur dust remain.
The microstructure and composition of friction products were analyzed by using SEM-EDS (FEI Quanta 200 SEM, FEI Company, Hillsboro, OR, United States) methods. The results are shown in Figure 6 . As shown in Figure 6 , the iron contents of the samples subjected to friction duration of 0.5, 1.0, 1.5, and 2.0 h were measured as 45.15%, 40.65%, 42.74%, and 39.10% (atomic fraction) respectively. These were relatively high atomic fractions of iron, which was inconsistent with the conclusion in the 2 nd paragraph of Section 3.2 (tested specimens and the analysis of friction products). This might be 
Crystal Phase Analysis of Friction Products
The composition of the friction products were characterized by using the XRD (D8 ADVANCE Specifications, Bruker Corporation, Karlsruhe, Germany) method. The XRD pattern is shown in Figure 7 .
composition of friction products.
The composition of the friction products were characterized by using the XRD (D8 ADVANCE Specifications, Bruker Corporation, Karlsruhe, Germany) method. The XRD pattern is shown in Figure 7 . Figure 7 shows that the black friction products obtained after different friction durations were basically the same. Sulfur was the main component of the black friction product produced during a short friction period (no more than 2 h). The friction products also contained small amounts of iron sulfide compounds (FeS and FeS2). With increased friction time, the content of iron sulfide compounds increased gradually, while the content of unreacted sulfur decreased gradually.
Temperature Field Distribution of Friction Specimen
The distributions of the internal temperature field of the friction specimens after 2.0 h of friction were determined and are shown in Figure 8 . The initial temperature was 15 °C, the rotating speed was 200 rpm, and the normal load was 210 N, which was the same to that in experimental measured. Figure 7 shows that the black friction products obtained after different friction durations were basically the same. Sulfur was the main component of the black friction product produced during a short friction period (no more than 2 h). The friction products also contained small amounts of iron sulfide compounds (FeS and FeS 2 ). With increased friction time, the content of iron sulfide compounds increased gradually, while the content of unreacted sulfur decreased gradually.
The distributions of the internal temperature field of the friction specimens after 2.0 h of friction were determined and are shown in Figure 8 . The initial temperature was 15 • C, the rotating speed was 200 rpm, and the normal load was 210 N, which was the same to that in experimental measured. As shown in Figure 8 , the internal temperature of the friction specimens reached 112.7 °C after 7200 s of friction. The temperature of the friction specimens varied with location, with the higher temperature on the friction surface and gradually decreasing temperature with increasing distance from the friction surface. Additionally, the temperatures differed at different positions on the friction surface, with the temperature on the edge of the friction surface lower than the temperature in the middle. This is due to increased heat generated by friction with increased radius, but greater heat dissipation at the outer edge of the friction surface due to its direct contact with air. The temperature at the near friction surface and the friction surface were compared, and the results are shown in As shown in Figure 8 , the internal temperature of the friction specimens reached 112.7 • C after 7200 s of friction. The temperature of the friction specimens varied with location, with the higher temperature on the friction surface and gradually decreasing temperature with increasing distance from the friction surface. Additionally, the temperatures differed at different positions on the friction surface, with the temperature on the edge of the friction surface lower than the temperature in the middle. This is due to increased heat generated by friction with increased radius, but greater heat dissipation at the outer edge of the friction surface due to its direct contact with air. The temperature at the near friction surface and the friction surface were compared, and the results are shown in Figure 9 . As shown in Figure 8 , the internal temperature of the friction specimens reached 112.7 °C after 7200 s of friction. The temperature of the friction specimens varied with location, with the higher temperature on the friction surface and gradually decreasing temperature with increasing distance from the friction surface. Additionally, the temperatures differed at different positions on the friction surface, with the temperature on the edge of the friction surface lower than the temperature in the middle. This is due to increased heat generated by friction with increased radius, but greater heat dissipation at the outer edge of the friction surface due to its direct contact with air. The temperature at the near friction surface and the friction surface were compared, and the results are shown in Figure 9 . It can be seen from the data presented in Figure 9 that the temperature of the friction surface below the temperature measurement point exhibited basically the same temperature change curve as the temperature measurement point. The temperature of the friction surface was slightly higher than that of the temperature measurement point, but this temperature difference was not large (less than 2 °C), indicating that monitoring the temperature at the temperature measurement point (near the friction surface) can well reflect the temperature change of the friction surface. It can be seen from the data presented in Figure 9 that the temperature of the friction surface below the temperature measurement point exhibited basically the same temperature change curve as the temperature measurement point. The temperature of the friction surface was slightly higher than that of the temperature measurement point, but this temperature difference was not large (less than 2 • C), indicating that monitoring the temperature at the temperature measurement point (near the friction surface) can well reflect the temperature change of the friction surface.
The simulated temperature and the measured temperature of the near friction surface were compared and analyzed, and the relationship between friction temperature and friction torque was analyzed, as shown in Figure 10 and Table 2 .
As shown in Figure 10 , the temperature variation trend of the near friction surface obtained using simulation matches that measured by testing, with the simulated temperature slightly lower (less than 5 • C) than the measured temperature. This indicates that the temperature change of the iron-sulfur friction system was mainly controlled by friction heat, but with additionally heat sources in the system, which might include the heat released by the reaction of iron and sulfur to form iron-sulfide compounds.
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The simulated temperature and the measured temperature of the near friction surface were compared and analyzed, and the relationship between friction temperature and friction torque was analyzed, as shown in Figure 10 and Table 2 . As shown in Figure 10 , the temperature variation trend of the near friction surface obtained using simulation matches that measured by testing, with the simulated temperature slightly lower (less than 5 °C) than the measured temperature. This indicates that the temperature change of the iron-sulfur friction system was mainly controlled by friction heat, but with additionally heat sources in the system, which might include the heat released by the reaction of iron and sulfur to form ironsulfide compounds.
As indicated in Figure 10 and Table 3 , there are three stages of the friction of ferroalloy and wet granulation sulfur under low normal load condition:
First stage: the friction medium of the test in this stage is the solid sulfur, causes poor lubrication between the friction surfaces. Therefore large quantities of friction heat generate in a short interval, the temperature near the friction surface increased rapidly. The average temperature rise rate and the average friction torque of this stage were respectively 3.750 °C/min and 4.156 N·m, respectively. During this stage, the average temperature of the friction surface was lower than the melting point of sulfur. However the friction heat will cause a sharp increase in the temperature of the true contact area [8] [9] [10] [11] [12] [13] , resulting in the melting of sulfur powders [27] . Due to the short duration of friction flash temperature, the molten sulfur will solidify again, the lubrication conditions were slowly improved.
Second stage: in this stage, the measured temperature was below 110 °C. Some of the sulfur had melted under the action of flash temperature in the 1 st stage, the friction coefficient was reduced in this stage. The average friction torque of this stage was 3.088 N·m, which was lower than that of the previous stage. As the friction coefficient decreased, the temperature rise rate of the friction surface in this stage was 1.026 °C/min, which was also lower than that in the previous stage. The test then moved into the slow heating stage. As the temperature of the friction surface increased, there was As indicated in Figure 10 and Table 3 , there are three stages of the friction of ferroalloy and wet granulation sulfur under low normal load condition: First stage: the friction medium of the test in this stage is the solid sulfur, causes poor lubrication between the friction surfaces. Therefore large quantities of friction heat generate in a short interval, the temperature near the friction surface increased rapidly. The average temperature rise rate and the average friction torque of this stage were respectively 3.750 • C/min and 4.156 N·m, respectively. During this stage, the average temperature of the friction surface was lower than the melting point of sulfur. However the friction heat will cause a sharp increase in the temperature of the true contact area [8] [9] [10] [11] [12] [13] , resulting in the melting of sulfur powders [27] . Due to the short duration of friction flash temperature, the molten sulfur will solidify again, the lubrication conditions were slowly improved.
Second stage: in this stage, the measured temperature was below 110 • C. Some of the sulfur had melted under the action of flash temperature in the 1st stage, the friction coefficient was reduced in this stage. The average friction torque of this stage was 3.088 N·m, which was lower than that of the previous stage. As the friction coefficient decreased, the temperature rise rate of the friction surface in this stage was 1.026 • C/min, which was also lower than that in the previous stage. The test then moved into the slow heating stage. As the temperature of the friction surface increased, there was more melting of sulfur on the friction surface, with further improved lubrication conditions of the friction surface in this stage.
3rd Stage: After 3300 s of friction, the temperature of the friction surface reached the melting point of sulfur. In this stage, a large amount of sulfur on the friction surface melted. As a result, the friction medium on the friction surface changed from solid sulfur powder to molten liquid sulfur, there was improved lubrication, the friction coefficient was further reduced, and the frictional heat was also reduced. The temperature remained almost constant and the average friction torque during this stage was 2.138 N·m. The friction coefficient fluctuated within a certain range, the heat generation was basically stable. There was balance between heat generation and heat dissipation, and the temperature of the friction surface stabilized near the melting point of sulfur.
Flash Temperature of Friction Surface
It is assumed that the height distribution of the asperities on the friction surface of the friction specimens conformed to a Gaussian distribution. The average radius of the asperities on the friction surface was 10 × 10 −6 m, with statistical parameters of m = 0 and σ = 1.0 × 10 −6 , and the center line distance was d = 0.5 × 10 −6 m. The measured friction torque data and the established iron-sulfur friction flash temperature calculation model were used to calculate the variation of the flash temperature of the asperities with different peak heights on the friction surface with friction time, as shown in Figure 11 . friction surface in this stage.
3 rd Stage: After 3300 s of friction, the temperature of the friction surface reached the melting point of sulfur. In this stage, a large amount of sulfur on the friction surface melted. As a result, the friction medium on the friction surface changed from solid sulfur powder to molten liquid sulfur, there was improved lubrication, the friction coefficient was further reduced, and the frictional heat was also reduced. The temperature remained almost constant and the average friction torque during this stage was 2.138 N·m. The friction coefficient fluctuated within a certain range, the heat generation was basically stable. There was balance between heat generation and heat dissipation, and the temperature of the friction surface stabilized near the melting point of sulfur.
It is assumed that the height distribution of the asperities on the friction surface of the friction specimens conformed to a Gaussian distribution. The average radius of the asperities on the friction surface was 10 × 10 −6 m, with statistical parameters of m = 0 and σ = 1.0 × 10 −6 , and the center line distance was d = 0.5 × 10 −6 m. The measured friction torque data and the established iron-sulfur friction flash temperature calculation model were used to calculate the variation of the flash temperature of the asperities with different peak heights on the friction surface with friction time, as shown in Figure 11 . As shown in Figure 11 , the flash temperature increased with the increase of the height of the asperities. For a peak height of 3.0 × 10 −6 m, the maximum flash temperature of the asperities was almost 800 °C. The frictional flash temperature was always higher than 400 °C, much higher (more than 200 °C) than the average temperature of the friction surface during the entire friction process. Although this extremely high flash temperature has a low probability of occurrence and a short duration [11] , the friction behavior between ferroalloy and wet granulation sulfur will be affected by this extremely high flash temperature during a long period of friction.
Discussion
In order to study the friction behavior of ferroalloy and wet granulation sulfur under low normal load conditions, an improved test apparatus was designed and different test specimens were Figure 11 . The friction flash temperature at different peak heights variation with time.
As shown in Figure 11 , the flash temperature increased with the increase of the height of the asperities. For a peak height of 3.0 × 10 −6 m, the maximum flash temperature of the asperities was almost 800 • C. The frictional flash temperature was always higher than 400 • C, much higher (more than 200 • C) than the average temperature of the friction surface during the entire friction process. Although this extremely high flash temperature has a low probability of occurrence and a short duration [11] , the friction behavior between ferroalloy and wet granulation sulfur will be affected by this extremely high flash temperature during a long period of friction.
In order to study the friction behavior of ferroalloy and wet granulation sulfur under low normal load conditions, an improved test apparatus was designed and different test specimens were examined. Based on the experimental data, calculation models of temperature field distribution of friction specimens and flash temperature on friction surface were established. The experiments and theoretical calculations allowed description of the friction behavior of ferroalloy and wet granulation sulfur under low normal load conditions. The flash temperature might sometimes reach 800 • C, which is much higher than the average temperature of the friction surface for ferroalloy and wet granulation sulfur under low normal load conditions. The temperature of the friction surface could change due to the direct reaction of iron and sulfur to form an iron sulfide compounds. Iron sulfur compounds were produced in a relatively short period of time (0.5 h), but iron sulfide compounds exhibited a slow formation rate. Considering only frictional heat as the heat source, the average temperature of the friction surface during the friction process was insufficient to reach the ignition point of sulfur. This supports the conclusions of previous research Ref. [7] .
The temperature near the friction surface was below 70 • C in the initial stage (1st stage) as shown in Figure 4, Figure 9 , and Figure 10 , but the flash temperature of the friction surface could exceed 800 • C, as shown in Figure 11 . In this high-temperature oxygen-isolating environment, iron-sulfide compounds will be generated via the reaction of sulfur and wear debris. The reaction process [5] [6] [7] may be expressed as Equations (14)- (17) .
Fe + 2S → FeS 2 (15) FeS + S → FeS 2 (16)
Although the average temperature of the friction surface was lower than the melting point of sulfur in 1st stage, the friction flash temperature in the actual contact area was much higher than the melting point of sulfur (as shown in Figure 11 ). This would lead to melting of sulfur near the contact area. Due to the heat dissipation effect, this area of molten sulfur would solidify again. The lubrication conditions of the friction surface was slowly improved. With improved lubrication conditions, the friction coefficient decreased, the frictional heat decreased gradually, and the rate of temperature increase gradually decreased. In the 2nd stage the flash temperature on the friction surface could also reach 400 • C, allowing the same chemical reaction to generate iron sulfide compounds.
It can be seen from Figure 9 that the temperature near the friction surface was lower than the average temperature of the friction surface. According to Figures 10 and 11 , the average temperature of the friction surface increased gradually with time, and more and more sulfur melted on the friction surface. This further improved the lubrication condition, the frictional heat was reduced. Finally, when the amount of heat generated by friction was equal to the amount of heat dissipated, the temperature near the friction surface fluctuated within a certain range (100-120 • C) and then entered a stable stage (3rd stage). In this stage, the sulfur was almost completely melted, with more extensive contact with the friction specimens. The flash temperature of the friction surface at this time again exceeded 400 • C, so the same chemical reaction as that in the 1st Stage and 2nd Stage would occur to generate iron sulfide compounds. With increased friction time, more iron-sulfide compounds were formed, which was consistent with the analysis and detection results presented in Figures 6-8 . Previous work [28] [29] [30] [31] showed that iron sulfide compounds can extremely easily undergo spontaneous combustion. This spontaneous combustion can occur when iron sulfide compounds generated by long-term friction are exposed to humid air. Therefore, amounts of iron sulfide compounds will be generated and accumulated after an extended period of friction between the sulfur powder and steel equipment in the transportation system of wet granulation sulfur. Combined with high air humidity and high surface temperature during the summer, the self-heating of iron-sulfide compounds becomes increasingly likely. Then the spontaneous combustion of iron sulfide compounds serves as the ignition source for the surrounding sulfur, thus explaining the friction ignition mechanism of the transportation system of wet granulation sulfur.
Conclusions
From the experimental, simulation, and theoretical calculation results, the following conclusions were drawn:
1.
During the friction of ferroalloy and wet granulation sulfur under low normal load conditions iron sulfide compounds were produced even in very short friction duration. However, the formation rate of iron sulfide compounds was very slow.
2.
The simulated temperature as calculated by friction torque basically matched the measured temperature variation trend, which indicates that the temperature variation of this iron-sulfur friction system was mainly determined by the frictional heat.
3.
The average temperature of the friction surface was slightly higher (less than 2 • C) than that near the friction surface, but this temperature difference was not large and the temperature change trend was the same. Thus, the change of the average temperature in the friction surface could be assessed by monitoring the temperature near the friction surface. 4.
The simulated temperature was slightly lower (less than 5 • C) than the measured temperature, which indicates the presence of other heat sources in the iron-sulfur friction system. This may include the exothermic reaction of iron and sulfur to form iron-sulfide compounds.
5.
The friction flash temperature was much higher (more than 200 • C) at the asperities in the friction contact area than the average temperature of the friction surface. Although the occurrence probability of this extremely high flash temperature was low and the duration was short, the long-term friction process promoted the reaction of the ferroalloy and wet granulation sulfur to generate iron-sulfide compounds. 
